Using epifluorescence microscopy, the configuration of myelin figures that are formed upon hydration of lipid stack was studied qualitatively. Little knowledge is currently available for conditions that determine the diameter of myelin figures and their degree of multilamellarity. Examining more than 300 samples, we realized that there are distinct populations of myelin figures protruding from discrete regions of lipid stack. Each population contains myelin figures with similar diameters. This indicates a direct relationship between local characteristics of parent lipid stack and the diameter of myelin figures. Evidenced by fluorescent images, we classified all the observed myelin figures into three major groups of (1) solid tubes, (2) thin tethers, and (3) hollow tubes. Solid tubes are the most common structure of myelin figures which appeared as dense shiny cylinders. Thin tethers, with long hair-shaped structure, were observed protruding from part of lipid plaque which is likely to be under tension. Hollow tubes were protruded from the parts that are unpinned from the substrate and possibly under low or no tension. The abrupt change in the configuration of myelin figures from solid tubes to hollow ones was described in a reproducible experiment where the pinned region of the parent stack became unpinned. Our observations can indicate a relation between the membrane tension of the source material and the diameter of the myelin figures.
Introduction
Concentrated mesophases of membrane-forming lipids in water deform readily producing multilamellar cylindrical tubules in the presence of external forces via a close interplay of fluidity and elasticity [1, 2] . Similar multilamellar tubes, also known as myelin figures, are typically originating from and connected to reservoir of dense lipid plaques [3] .
Such multilamellar myelin figures which consist of many different diameters [4] can be found in various types of biological organelles and cells in their normal or diseased shapes [5] . Although they can be established as transient structures too, many of them are long lived with very slow dynamics, which can be assumed as quasi-equilibrium structures such as the myelin figures in aged red blood cell [6] , kidney [7] , and lung [8, 9] . A prominent example is the existence of myelin figure in pulmonary lining, an extracellular lipidprotein coat at the alveolar surface, which facilitates decrease in surface tension when lungs deflate [10] .
A common property of many of these living myelin structures is that they are stable protrusions from concentrated lipid plaques in body [3, 11] .
Other than different phospholipids which are an important source for myelin figure formation [2, 12, 13] , ionic surfactants including Aerosol OT (AOT) [14, 15] and nonionic surfactants including pentaethylene glycol lauryl ether (C12E5) [16] and triethylene glycol lauryl ether (C12E3) [15, 17] can also produce myelin figures.
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Beyond their biological significance, membrane tubules are also important, for instance, in the realization of artificial nanofluidic networks [18, 19] .
Myelin figures can protrude from different sources due to different reasons especially in complex biological systems. However, the structure and configuration of all myelin figures is very similar to what is formed via simple hydration of dry lipid stack. Thus, this simple in vitro experiment is usually replaced to study the features of myelin figure production [1, 12, 14, [20] [21] [22] [23] .
Although unilamellar lipid tethers, such as those obtained by exerting local force on giant unilamellar vesicles, have been extensively studied both theoretically and experimentally [24] , efforts aimed purportedly on studying the various configuration of myelin figures and how their diameters correlate with the experimental condition are sparse.
In this paper, using fluorescence microscopy, we studied the life time and different structural morphologies of myelin figures in the experiment of hydrating different kinds of dry lipid plaque. The experiments were done employing lipid stacks with various densities at different temperatures on both hydrophobic and hydrophilic substrates. We categorized the observed multilamellar myelin figures into three major groups of (1) solid tubes, (2) thin tethers, and (3) hollow tubes. These three groups were usually protruded in distinct population from separate regions of parent lipid stack. This can be an evidence to show the relation between the local characteristic of parent lipid stack and the myelin figure configuration. However, in a systematic set of experiments, we could not find a direct correlation between the diameter of myelin figures and the thickness of parent lipid stack.
Material and Method
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1-pal-mitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dioleoyl-sn-glycero-3-phosphocholine were purchased from Avanti Polar Lipids. Texas Red DHPE and fluorescein sodium salt were purchased from Invitrogen and Sigma Aldrich, respectively.
The solutions of lipid and chloroform were prepared at different concentrations (0.5 m/mL-250 mg/mL)·1 mol% of Texas Red DHPE was added to the solution as a sfluorescence marker.
0.5-1 µL of the lipid/chloroform solution was dropped on a substrate. The drops were air-dried for 10 minutes at room condition and were placed in vacuum for 12 hours for complete evaporation of chloroform. After this procedure, the lipid plaque (dry drop) was completely pinned to the substrate. 3-5 mL of DI water was added to a small Petri dish containing the dry lipid drop on a substrate. The water covers the total area of the substrate. Myelin figures start growing from the edge of the lipid drop right after hydration above the phase transition temperature (T m ) of the lipid.
The experiments were done with various kinds of lipids including DMPC, POPC, and DOPC and were examined on both hydrophobic and hydrophilic substrates. Freshly piranha-etched clean glass slides were employed as a hydrophilic substrate. As hydrophobic substrates, we used silane-coated glass slides.
Result and Discussions
The dry lipid plaque and the myelin figures that are formed after hydration of the plaque were imaged using an inverted epifluorescence microscope (Nikon, Melville, NY).
The typical form of a dry lipid plaque before hydration and the drop decorated by myelin figures after hydration are shown in Figures 1(a) and 1(b). The lifetime of myelin figures was affected by the condition of the experiment. It was longer in the experiments using hydrophobic substrate than in the ones using a hydrophilic substrate. Also experiments with different initial International Journal of Photoenergy 3 concentrations of lipid/chloroform solution indicated that higher concentrations make more stable myelin figures. Both of the above conditions (quality of the substrate and the initial concentration of lipid solution) had direct influence on the configuration of dry lipid plaque. The dry drops on the hydrophobic substrate were circular in shape with welldefined dense edge. However, on the hydrophilic substrate most of the drops had a crooked shape with uneven and thin edge. Configuration of the dry drop also depended on the initial concentration of lipid/chloroform solution. The higher the concentration of the solution is, the denser and the thicker is the resulting dry lipid plaque. Since the material source of the myelin figures was the local stack of lipid they were protruding from, myelin figures were more stable when the parent lipid plaque was denser.
Also, the lifetime of myelin figures was related to the temperature. The experiments were done at different temperatures ranging from 2
• C to 40
• C. The hydrating water was also kept at the set temperature. Myelin figures are more stable at low temperature most likely due to the slower dynamics.
Based on our experimental result, the lifetime of myelin figures can be varied from less than a minute to about 15 hours. For example, myelin figures at 2
• C protruded from a dense lipid plaque dried from a solution of lipid/chloroform at 250 mg/mL on hydrophobic substrate could be easily stable more than 13 hours. On the contrary, hydration of dry lipid plaque from initial solution concentration of 0.5 mg/mL on hydrophilic substrate at 40
• C could not make myelin figures with lifetime more than a minute. We concluded that the lower temperature, higher concentration (denser parent lipid plaque), and hydrophobicity of the substrate increase the stability of myelin figures.
Although there are correlations between the lifetime of myelin figures and the experimental condition, we hardly could find any relation between the diameter of the tubular structure of myelin figures and the conditions of experiments such as temperature and concentration of initial solution.
The exact reason for having myelin figures in different tubular diameters is not clearly understood yet and has been an open question for many years [1, 17] . In a recent study [1] , it was suggested that the diameter of a myelin figure is directly comparable to the thickness of the parent lipid plaque from which they emerged. Their conclusion is based on the confocal images of junction between the parent lipid stack and the myelin figures under a fixed set of conditions. However, in a series of experiments that we have done with parent lipid stacks of variable thickness ranging from 7 µm to 25 µm, little correlation was found between the thickness of the parent stack and the diameter of myelin figures that protruded from them. Figure 2 shows examples of myelin figures protruded from lipid stack with average thicknesses of 13, 17, and 24 µm. As can be seen in this figure, the diameter of majority of myelin figures protruded from 17 µm thick lipid plaque is larger than the ones protruded from two other lipid plaques.
Examining more than 300 samples, we realized that a myelin figure does not randomly adopt a diameter. We found groups of myelin figures with similar diameter and structure are growing from separate regions of the parent plaque. All the observed myelin figures can be categorized in three groups: (1) solid tubes, (2) thin tethers, and (3) hollow tubes. Examples of these groups are shown in Figure 3 .
As we discussed earlier, myelin figures have the morphology of multilamellar cylindrical tubes. The three observed configurations of solid tubes, thin tethers, and hollow tubes were defined based on two structural terms of multilamellar tubes: (1) core radius and (2) number of lamellae.
Solid tubes represent tubular structures with large number of lamellae. As can be seen in Figure 3(a) , in solid tubes, the total diameter of the tube is considerably larger than the diameter of its core. Using fluorescence microscopy, we observed this group of myelin figures as fat shiny tubes with high florescence intensity. Figure 3(a) represents the examples of fluorescent image of solid tubes.
Thin tethers were defined as a group of myelin figures with low number of lamellae and small core radius. The total diameter of thin tethers can be comparable to the diameter of the core. In florescent images, they appeared as shiny thin hair-shaped tubes (Figure 3(b) ).
Myelin figures in the last group, hollow tubes, are the ones with low number of lamellae and large core radius. The total thickness of the layers in a hollow tube can be less than the diameter of the core. In fluorescence microscopy, hollow tubes were observed as tubes with very low intensity (Figure 3(c) ). These three groups usually could be found in distinct and separated populations in different regions of the parent lipid plaques instead of having mixed population of them from one region. For example, Figure 1 we suspect that there is a direct relation between the local characteristic of the parent lipid plaque and morphology of the myelin figures. Solid tubes are normal and the most common structure of myelin figures. We observed that the thin tethers can be protruded from the area that the lipid plaque had less wrinkling in the surface. Apparently, wrinkling (as reservoir of lipid) decreases the membrane tension. On the other hand, hollow tubes are constantly observed to be grown from the regions of lipid plaques that are unpinned from the substrate and can have lower membrane tension than normal. Figure 4 shows an example of this fact for a hollow tube in a very reproducible experiment described below. A dry DMPC plaque, which was pinned to the substrate, was immersed under water for couple of minutes at temperature below the phase transition of DMPC (T m ≈ 24
• C). Note that myelin figures cannot be formed below T m . This causes some parts of the edge of the drop to be unpinned from the substrate but still attached to the whole drop. Now we have two distinct regions of lipid: pinned and unpinned. The temperature increased very slowly to the above phase transition temperature, where the myelin figures can be formed. Interestingly, always, two very distinct populations of myelin figures were observed, hollow and solid tubes (e.g., see Figure 4 (a1)). Hollow tubes protrude from the unpinned region and Solid tubes from the pinned region of lipid plaque. By the time, when other parts of the plaque become unpinned, the solid tubes are replaced by hollow tubes. Snapshots of this process are shown in Figure 4 , (a1)-(a3). To further validate this hypothesis, we did the similar experiment by letting the whole lipid plaque to be unpinned and suspended from the substrate at temperature lower than T m . In this case, when we increase the temperature to above T m , only one population of myelin figures grows (Figure 4(b) ).
To discriminate between the hollow and solid morphologies of myelin tubes, we relied on the fluorescent emission from the trace concentrations of lipid soluble dyes embedded within the lipid phase. The dramatic differences in the fluorescence intensities from the well-focused images of populations of myelin figures observed in single samples within single wide-field fluorescent micrographs (500 µm × 400 µm) can stem from a variety of sources. While small variations (within 5-10%) can result from subtle differences in lipid microenvironment, the large variations we observed indicate substantial differences in fluorophore populations. Furthermore, the lipid-conjugated fluorophores used were not sensitive to lipid packing or phase state, thus, allowing us to conclude that their intensity difference does not reflect their preferential accumulation or partitioning into one morphology (e.g., solid versus hollow) International Journal of Photoenergy over the other. Based on these considerations, we assumed direct proportionality between fluorescence intensity and the average lipid density. Following this criterion, myelin figures with faint fluorescence (in well-focused image) can be conveniently categorized as "hollow" tubes whereas ones with strong fluorescence (fourfold above the hollow ones) can be assigned to the "solid" tube. (Note that to have clear images of hollow or solid tubes at a same spot, we usually need to change the focus). Hollow tubes can be best visualized by differentially staining the lipid and the aqueous phase. To illustrate characterization of hollow tubes, below we performed a dual probe experiment. Here, a plaque of dry POPC, doped with 1 mol% TR-DHPE, was hydrated using 5 mL solution of fluorescently doped water (5 × 10 −4 mg/mL Fluorescein/water). The plaque was pinned to the underlying substrate. After formation of myelin figures, the fluoresceindoped water in the aqueous phase was gradually replenished by undoped DI water (by replacing 1 mL solution by DI water in multiple (5-10) iterations). Figure 5 displays a twocolor fluorescent image (a) as well as single color images (b) and (c). The images were obtained when part of the parent plaque had unpinned from the substrate, thus, providing condition for the formation of hollow tubes. Unfocused hollow myelin figures often appeared as faint and blurry features surrounding the parent plaque. However, wellfocused ones (such as seen in Figure 5 ) revealed distinct fluorescence from both the lipid and the aqueous phase, consistent with the core-shell structure of hollow myelin figures discussed in Figure 3 (c).
Conclusion
Employing epiflouerescence microscopy, we studied the lifetime and configuration of myelin figures in experiment of lipid hydration. There were direct correlations between the lifetime of myelin figures and the experimental conditions such as temperature and density of the parent stack and the hydrophobicity of the substrate. Denser parent stack on hydrophobic substrate at low temperature can produce more stable myelin figures with greater lifetime (more than 13 hours). There was evidence that indicated the diameter of myelin figures was related to the local characteristics of the parent stack. However, such characteristics were not easily quantifiable in the experiments. Specifically, we observed that distinct populations of myelin figures with similar configuration protrude from distinct regions of parent stack. Evidenced by fluorescent images, we classified all the observed myelin figures in three major groups of (1) solid tubes, (2) thin tethers, and (3) hollow tubes which were analyzed in this paper. We defined first group as multilamellar tubes with a large number of lamellae in which the total thickness of multilamellar layer is much thicker than the core radius. The second and third groups consist of myelin figures with a low number of lamellae. In the second group, the total thickness of layers is comparable to the core diameter. However, in the third group, the core diameter is very large compared to the total thickness of layers in a way that the myelin figures look like hollow tubes. Solid tubes are the most common structure of myelin figures. On the basis of our observation, thin tethers are more prone to be formed from the source lipid with higher membrane tension. On the other hand, our experiments showed that hollow tubes are mostly formed when part of the parent lipid plaque is unpinned from substrate so its tension was decreased. In this occasion, an abrupt change from solid tube to hollow ones can be observable reproducibly.
